Copper structures were produced by electrochemical deposition onto patterned self-assembled monolayers ͑SAMS͒ of thiols adsorbed on polycrystalline gold substrates and subsequent transfer to an insulating substrate. Selective metal deposition was achieved by use of thiols which differ in their electrochemical blocking properties, namely hexadecane thiol ͓CH 3 ͑CH 2 ͒ 15 SH͔ and -͑4Ј-methyl-biphenyl-4-yl͒-methanethiol ͑CH 3 -C 6 H 4 -C 6 H 4 -CH 2 -SH͒. Besides control of the blocking properties, the SAM served to minimize adhesion between the metal deposit and the substrate, thus, allowing the transfer of the metal pattern. Since the process is replicative, it represents a very simple and fast route to generating metal patterns. 3 Among different concepts to generate metal structures, those utilizing electrochemical processes are particularly appealing 4-8 since electrodeposition is simple, routinely applicable, and finely controllable down to small dimensions. In order to generate electrode structures on an insulating substrate by electrochemical methods two strategies are pursued one of which relies on lateral growth, 9, 10 i.e., parallel to the substrate. The advantage of this approach of being applicable to insulating substrates is contrasted by limitations in the control of patterns and the quality of the deposit. The other scheme uses deposition onto an electrode followed by lift-off to produce either a free standing metal structure 6 or a metal pattern attached to an insulating substrate.
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Microscopic and nanoscopic metal structures are of central importance to a variety of existing and emerging technologies comprising ͑molecular͒ electronics, 1 sensors, 2 or plasmon optics. 3 Among different concepts to generate metal structures, those utilizing electrochemical processes are particularly appealing [4] [5] [6] [7] [8] since electrodeposition is simple, routinely applicable, and finely controllable down to small dimensions. In order to generate electrode structures on an insulating substrate by electrochemical methods two strategies are pursued one of which relies on lateral growth, 9, 10 i.e., parallel to the substrate. The advantage of this approach of being applicable to insulating substrates is contrasted by limitations in the control of patterns and the quality of the deposit. The other scheme uses deposition onto an electrode followed by lift-off to produce either a free standing metal structure 6 or a metal pattern attached to an insulating substrate. 5 While this allows much better control of the metal deposition the generation of patterns by this method depends on two crucial points which are a selective deposition and a poor adhesion of the deposit to allow lift-off. A convincingly demonstration of the principle 5 was given by the selective deposition of molybdenum nanowires on graphite. However, a general applicability requires that one is not limited to intrinsic structures of the substrate but can actively define patterns. The work presented here demonstrates how this limitation can be overcome and, thus, the advantage of electrochemical metal deposition can be combined with the flexibility in pattern definition.
The central point of the scheme illustrated in Fig. 1 is a patterned self-assembled monolayer ͑SAM͒ whose role is twofold. The first one is that the SAM acts as a template to control electrochemical metal deposition. [11] [12] [13] [14] Important for the present scheme is that the extent to which an electrode can be rendered blocking can be adjusted via the structure of the SAM forming molecules.
14 Consequently, a patterned SAM consisting of two types of molecules sufficiently different in their blocking behavior allows selective electrochemical metal deposition. Since a variety of techniques exist by which SAMs can be patterned, [15] [16] [17] [18] [19] structures on length scales ranging from microscopic to nanoscopic dimensions can be easily defined. The second vital role of the patterned SAM is that it not only defines the electrochemically active areas but, as discussed further down, dramatically reduces adhesion of the metal deposit to the substrate 6, 20 and, thus, ensures that the electrochemically deposited metal pattern can be transferred to an insulating substrate. The most obvious advantage of the scheme shown in Fig. 1 is the fact that the patterned substrate, once produced, can be repeatedly used. This, in principle, makes the process extremely simple and rapid. However, the applicability of the process depends on the achievable contrast in the metal deposition and, in particular, on the quality of the pattern transfer during steps 3 and 4. Furthermore, the deterioration of the patterned SAM during the various steps is a crucial issue as this limits the number of deposition and lift-off cycles.
The substrate electrodes used in the present work were purchased from Georg Albert PVD, Germany and consisted of a 100 nm gold film evaporated onto silicon with a 5 nm titanium interlayer. A variety of thiols were examined coma͒ Author to whom correspondence should be addressed; electronic mail: mb45@st-and.ac.uk FIG. 1. Scheme of fabrication of metal structures by electrochemical metal deposition and lift off. A metal substrate is modified by a patterned SAM ͑1͒ and subsequently used as working electrode in an electrochemical cell to selectively deposit metal ͑2͒. The deposited metal structure is adhered to an insulator ͑3͒ and detached ͑4͒ leaving the patterned substrate behind for the next cycle. SH,BPn͔, with n ranging from 1 to 3. To establish a suitable combination of thiols, the behavior of thiol SAMs with respect to copper deposition was studied using uniform SAMs. They were prepared by immersion of Au substrates overnight in a 1 mM solution of the respective thiol in ethanol ͑AnalaR BDH͒.
Patterned SAMs were produced by microcontact printing 22 using a polydimethylsiloxane ͑PDMS͒ stamp with parallel lines of 4 m width and 8 m periodicity. The stamp was first immersed in a 150 M solution of hexadecane thiol in ethanol and then blown dry in nitrogen and pressed gently onto the surface for 25 s. In order to produce features finer than the 8 m periodicity the substrate was stamped a second time with the stamp rotated slightly and pressed on the surface for another 25 s. The sample was then immersed in a 1 mM solution of a second thiol overnight. Samples were removed from solution, rinsed with copious amounts of ethanol, and blown dry in nitrogen. Using a computer controlled EG&G 283 potentiostat, copper deposition on both uniform and patterned SAMs was accomplished in a three electrode cell with Pt wire counter electrode, Ag͉AgCl reference electrode ͑Microelectrodes Inc.͒ to which all potential values are referenced, and 5 mM CuSO 4 / 0.5 M H 2 SO 4 electrolyte. After metal deposition the sample is removed from the cell, rinsed with copious amounts of de-ionized water, and blown dry with nitrogen. Usually, transfer of the metal pattern to a glass slide was achieved using a cyanoacrylate adhesive. However, the details of the transfer procedure are not critical as verified by additional tests. Using adhesive tape or PDMS the copper deposit was also easily detached from the underlying gold substrate. The transferred metal pattern was investigated by atomic force microscopy ͑Explorer System, ThermoMicroscopes͒ using contact mode. The nominal force constant of the cantilever used was 0.05 N / m. Images were recorded at a scan rate of 25 m / s with an applied load on the order of 15 nN.
As indicated earlier, the performance of the process depicted in Fig. 1 is crucially dependent on how the patterned SAM can combine electrochemical contrast with control of adhesion and stability. To determine the combination of thiols matching the requirements best both the SAM dependent onset of copper deposition and the stability of the SAM with respect to repetitive metal deposition and lift off were studied. Figure 2 , showing a selection of alkane and BPn thiols, illustrates the thiol dependent shift of the copper deposition potential. It is obvious that hexadecane thiol and BP1 exhibit the biggest difference ͑ϳ0.25 V͒ and, thus, represent the best combination to maximize the contrast for metal deposition. Two things are noteworthy. First, in agreement with previous charge transfer studies 14 comparison of BP1 with MC8 shows that the potential of Cu deposition appears at significantly less negative potentials for BPn thiols compared to alkane thiols of the same length. Second, in principle, alkane thiols with chains shorter than eight carbon atoms could also be used for the conducting areas since the Cu deposition potential continuously shifts towards less negative values with decreasing chain length ͑e.g., for MC4 Cu deposition even starts at a potential positive of the one for BP1͒. However, the lack of stability of short chain alkane thiols is prohibitive for the present purpose. Attempts of running multiple cycles of Cu deposition and lift-off resulted in a quick deterioration of the short chain alkane thiols which resulted in a failure of the lift-off step ͑step 4 in Fig. 1͒ . In contrast, BP1 allowed repetitive generation of patterns and was, therefore, the substance of choice for this purpose.
The successful selective electrochemical deposition of copper onto a patterned SAM and subsequent transfer to a glass substrate is documented by the optical micrograph shown in Fig. 3 . The patterned SAM consists of MC16 and BP1 and was prepared by microcontact printing of MC16 and subsequent immersion in BP1. In order to minimize nonuniform deposition due to diffusion depletion, Cu deposition was performed in a pulsed mode with a base potential of 0 V. Cu deposition was initiated by stepping the potential to −0.5 V for 200 ms. After nucleation, copper growth was performed with potential steps at −0.35 V for 1 s duration up to a thickness of the metal structures of about 60 nm.
As seen from Fig. 3 the process can easily produce patterns with a very good quality, i.e., high uniformity and excellent contour definition. Using atomic force microscopy the quality of the transferred pattern is analysed further. Figure 4 shows a section of the sample depicted in Fig. 3 together with two line profiles. Considering that the pattern has been produced manually using microcontact printing the pat- 3 . Optical micrograph of a copper pattern ͑bright areas͒ on glass produced by selective copper deposition and lift-off according to the scheme shown in Fig. 1 . A patterned SAM consisting of MC16 and BP1 as the blocking and conducting part was used as template to define electrochemical copper deposition.
tern shows a quite remarkable resolution as evidenced by the dimensions of the tips of the metal structures which are around 200 nm. Comparison of the metal pattern before and after transfer shows identical structures and contours, i.e., the pattern transfer is complete. Another point is the rms roughness of the metal structure which, for the side facing the substrate, amounts to 1.9 nm. This is only slightly larger than the rms value of the substrate of 1.1 nm and suggests that the substrate is the major factor limiting the flatness of the metal structure. While no attempt was made to optimize the deposition conditions towards even flatter structures, test experiments using epitaxial gold on mica corroborate our view that the substrate roughness is the major limiting factor. Au on mica which has a smaller roughness ͑0.4 nm͒ compared to the Au/ Si samples also gave a proportionately smoother surface on the resulting detached electrodeposit ͑0.7 nm͒. Referring to the line scans depicted in Fig. 4 we note that, in contrast to the roughness of the metal deposit which appears to be determined by the substrate, the metal structure is elevated above the insulating substrate by a few nanometers. This is significantly more than the difference in length between BP1 and MC16 and it is not clear at present what the exact cause for this is. Further investigations have to clarify whether this is a question of wetting and/or shrinking of the adhesive.
While Figs. 3 and 4 convincingly demonstrate the potential of the process for the generation of extended metal patterns with features well below 1 m, the resolution limit remains to be established. Since a variety of methods are available to pattern SAMs down to the nanometer scale [15] [16] [17] [18] [19] the scheme presented here has substantial promise for the generation of nanometer sized structures. However, the ultimate limit is likely to be determined by the mechanism of copper deposition. In principle, the copper ion can be discharged on top of the SAM or by penetration to the Au substrate through defects. Whereas the first mechanism appears possible 23 but requires an extremely high quality of the SAM under normal conditions for electrochemical metal depositions, we favor the second explanation in the present experiments, i.e., the metal growth takes place in a mushroom type fashion as indicated by the inset of Fig. 1 . As pointed out by Schilardi et al. 24 the poor adhesion of the metal deposit is due to a dramatic reduction in area of direct contact between deposit and metal substrate. It will, therefore, be crucial towards further miniaturization of the process that the size and density of the defects where copper deposition is initiated can be controlled.
In summary, the present work has demonstrated a straightforward route to produce metal patterns by SAM controlled electrochemical metal deposition. Since the time consuming step, i.e., the definition of the pattern, has to be done only once, the replicating process represents a vast simplification compared to established lithographic processes where each sample requires patterning. The scheme is not limited to copper used in the present work but is applicable to other materials which can be deposited electrochemically ͑e.g., Au, Ag, Co, Ni͒ provided the deposition potential is within the range of electrochemical stability of SAMs.
